Aerodynamic drag plays a primary role in vehicle's fuel consumption. Drag reduction has been a more and more important part in automotive body design. Bionics has been successfully applied to drag reduction optimizations in automotive body design.
INTRODUCTION
Reasonable vehicle body is beneficial to the improvement of vehicle's aerodynamic performance. The emerging shortage of oil supply and people's concern with fuel consumption of cars have put researchers and vehicle engineers in front of the important task of drag reduction.
Bionics is the application of natural, biological shape, structures, and methods to engineering design. Animals and plants have been through millions of years of natural selection. Studies have found out that the best swimmers who are with streamlined shape have smaller hydrodynamic drag [1] . The same can be found on the aerodynamics of animals on ground. The best runners also have smaller aerodynamic drag.
Vehicle body designs based on bionics of different creatures have been carried out by designers, and coefficient could be reduced effectively. Volkswagen Beetle has a body inspired by beetle. Mercedes-Benz has designed a car with a body inspired by yellow boxfish, and has a drag coefficient of 0.19 according to Kozlov's study [2] . Dongri Kim's research introduced a drag reduction device on cars inspired by secondary feathers of bird's wing suction surface, which brought a 19% drag reduction [3] .
Researchers have tried different ways to reduce vehicle's drag coefficient. In terms of whether the drag reduction device or method consumes extra energy to work, drag reduction of vehicle can be sorted as active drag reduction and passive drag reduction.
In a typical active drag reduction method, a suction or blowing system is adopted to control the flow. In E. Bideaux's study [4] , a strip of pulsed jets was equipped at the roof of an Ahmed model to control the flow separation on rear window. The pulsed jet obtained a 20% drag reduction. Suction equipped in the rear part of car can also reduce rear wake and vortex formation. In Harinaldi H.'s research [5] , a drag reduction of 13.86% in computational approach and 16.32% in experimental approach was brought by the application of suction.
As for passive drag reduction, vortex generator, diffuser, rear spoiler and streamlined body can all affect the flow. Vortex generator reduces drag coefficient by delaying flow separation near vehicle's rear end. In Koike, M.'s research [6] , a Mitsubishi Lancer Evolution's drag coefficient showed a 0.006 reduction with vortex generator. In Hu and Wong's study [7] , two simulations were carried out to study the drag coefficient of a simplified Camry model with and without rear-spoiler. And it showed that rear-spoiler can bring a 1.7% reduction to C D and a 4% reduction to C L .
Our study was aimed at finding a drag-reducing optimization approach of a car based on the application of bionic principles of tiger beetle.
ESTABLISHMENT OF TIGER BEETLE MODEL
The length of a tiger beetle is usually only 20 mm, while its speed can reach 9 km/h. After thousands of years of evolution, the streamlined shape of tiger beetle's body is a good case for aerodynamic study and automotive body design. If its aerodynamics feature can be collected and be applied to automobile design, contribution can be made to the aerodynamic performance of cars. The research studied the aerodynamics of the external flow field of a tiger beetle and applied it to automobile design in order to reduce drag coefficient of a car.
Tiger beetle is famous for its high speed when pursuing prey. Its running speed can reach up to 125 times its length. Considering body length, it's even faster than cheetah. This study aimed to reduce vehicle's drag coefficient by investigating the shape of tiger beetle, finding out its aerodynamic features, and applying them on vehicle model's aerodynamic optimization. Tiger beetle's body state of high-speed movement was observed using industrial camera. According to Gilbert, C. [8] , tiger beetle does not use wings when running at a high speed. In the observation, its hardened front wings and second wings did not have obvious actions. The body shape of a moving tiger beetle is similar to its state when standing still, which agrees with Gilbert's finding. Based on the observation, it's reasonable to model the tiger beetle based on its still status. So, paraments of tiger beetle was measured and 3-D model was created. Body of tiger beetle was sliced to make sketches of control planes in SolidWorks software. Photos of the tiger beetle slices was taken by industrial camera. These photos can be used as background for sketch in SolidWorks after zooming and rotating. Splines was used to stroke the sketch of control plane. The sketches of tiger beetle slices in SolidWorks is shown in Figure 1 .
Simplifications were applied to the model of tiger beetle based on two principles. The first, body parts that would not affect its aerodynamic performance were simplified. The second, body parts that cannot be used on aerodynamic optimization of a ground vehicle were ignored. Based on the two principles, mouth of the tiger beetle was merged into one part. Wings, legs, and abdominal segments are ignored. Basic characteristics of its body was modeled, as shown in Figure 2 .
ESTABLISHMENT OF MIRA FASTBACK MODEL
MIRA fastback reference model was used in the study as prototype to be optimized. A 1:1 MIRA fastback baseline model was created [9] . The distance from car's front face to external flow field's inlet was set to 3 times the length of car. The distance from car's back to flow field's outlet was set to 7 times of itself. Width of the flow field was set to 7 times the car's width. Total height of the flow field was 5 times the car's height. So, a 4165 * 1137.5 * 7130 (mm) external flow field was created. The blockage ratio of the external flow field was 2.9%, which met the demand of wind tunnels [10] .
ICEM CFD software was used to generate the meshes. Tetrahedral and prism meshes were generated for the external flow. Figure 3 shows the meshes on car body.
Quality of mesh is highly relevant to geometric model. Due to the contact area between tire and ground was only a line in normal modeling, which ignore the pressure on tire caused by the weight of car and can lead to poor mesh quality near the line due to large skewness. To improve precision of the simulation, a trapezoidal step was created under each tire to simulate the deformation when tires are under pressure, as shown in Figure 4 . The height of step was 2.5% tire's diameter.
10 layers of prism meshes with a growth rate of 1.2 were established near the car body to improve the calculation accuracy in near-wall region [11] . First cell height was calculated by Reynolds number, reference length, and y+ value. Y+ value was set as 11.63. Density box was created to refine the meshes around the car, especially the meshes behind the car, where air streaming is usually sophisticated [12] . Meshes in external flow field is shown in Figure 5 . The aerodynamic drag coefficient of MIRA fastback model was monitored in the simulation. The calculation converged after 1500 steps of iterations. C D was 0.29. Compared with the wind tunnel test's result 0.275, the error was 5.4%, which met the demand of accuracy.
Due to the viscosity of air, flow was attached to the body. The flow was smooth and the streamline coincides with the path line on the roof. No separation of air flow was found. Due to the sudden change in curvature between the roof and the rear window, air flow was decelerated and separation can be found upon the rear window. A part of the flow basically kept its route and depart from the roof with the same speed. The other part of the flow was reattached to the rear window, forming a local separation bubble. The velocity of flow in the separation bubble was very low, and it can slow down the flow near the rear window. Flow disturbance can be noticed around the rear window. Also, the high-speed flow from top and bottom of the car interact with lower-speed flow from its sides, causing complicated rear wake, as shown in Figure 6 . Flow with high momentum from top and bottom of the car failed to keep attachment to the surface of the trunk lid and chassis of the car. As the car moves forward, the air flow that lost attachment was drawn into the vacuum area, thus forming vortex between the trunk lid and rear of the car. Similarly, vortex was formed in the area between chassis and rear of the car. As shown in Figure 7 and 8, the rear vacuum formed negative pressure region, intaking air into it, causing turbulence behind the car, thus significantly increased its drag coefficient. 
Simulation of Tiger Beetle Model
Simulation of tiger beetle model was similar to car's simulation. The boundary conditions are listed in TABLE II. The first cell height was set to 0.7365mm. Reynold number was calculated and was 2.15×10 3 . Two methods can be used to improve the near-wall calculation accuracy, directly densifying meshes in viscous sublayer, or building prism meshes in it. The reason that prism meshes were built in car's model was that the shape of prism enabled it to be put into small viscous sublayer and improve near-wall accuracy. The same accuracy couldn't be achieved by tetrahedral without an acute increase in number of meshes, which takes up more computing resources, slowing down the simulation. But in tiger beetle model, the height of viscous layer was 0.7365mm, which is relatively big compared to the tiger beetle. Tetrahedral can be applied without lowering near-wall calculation accuracy.
To keep consistency, flow area was set to be the same scale as MIRA fastback model's area. The flow area was 3 times the tiger beetle's length in front of it, 7 times its length behind it, 1 time its width left and 1 time right, 3 times its height above.
Considering tiger beetle's legs shore it up, the flow area was 1 time the tiger beetle's height under it. Density box was created around the tiger beetle in order to improve accuracy.
The calculation converged after 1000 steps of iteration. As shown in Figure 9 , compared to MIRA fastback model's pressure contour, tiger beetle model's rear region had a uniform pressure and didn't have obvious negative pressure region. Also, the pressure change around tiger beetle's body was very smooth except for the front. In the front of tiger beetle model was a high-pressure area, which is similar with the pressure of MIRA fastback model's front. This was due to the compression of high-speed air flow in the front-facing area leading to a stagnation region, which is common in many objects' aerodynamics. While in the tiger beetle model, the high-pressure region is less obvious than in MIRA model due to tiger beetle's curve in the front. Which means that the tiger beetle's front shape can lead to a reduced stagnation region, thus saving energy needed to overcome aerodynamic drag.
A negative pressure region can be found under the beetle, as shown in Figure 10 . Combined with the relatively high pressure on the upper side, a downforce was created, which ensured the stability when tiger beetle is moving fast. The same method can be applied to vehicles to eliminate the lift force and guarantee that the car's stability at high speed. As reduction of lift force wasn't the aim of this study, the characteristic under the tiger beetle wasn't applied to the optimization.
So, it was worth analyzing the aerodynamic features on tiger beetle's abdomen and cercus, which can be the factor that leads to tiger beetle's fast speed.
Near tiger beetle's abdomen and cercus, airflow was always near its body without obvious separation or turbulence. As shown in Figure 11 , no vortex was produced behind the tiger beetle, which was a significant feature of it. Especially for vehicles moving at a high speed, vortex and turbulence produced by flow separation are primary sources of aerodynamic drag and noise. Tiger beetle's body curve reduced flow separation, stabilizing airflow around its body, thus enabled it to keep stable movement and move with less aerodynamic drag. Figure 12 shows how pressure works on tiger beetle's body. Due to its streamlined shape of abdomen and cercus, flow detaches from its body gradually. No obvious negative pressure region or low-pressure region was noticed on its body. Thus, pressure drag can be reduced, leading to a lower drag coefficient.
SIMULATION RESULT AND ANALYSIS OF OPTIMIZED MODEL
Based on analysis of MIRA fastback model and tiger beetle model, it was found that the curve on tiger beetle's abdomen and cercus can lead to less flow separation near the body. Thus, MIRA fastback model's curve of rear window, trunk lid, and chassis was optimized based on the principle of tiger beetle bionics, as shown in Figure 13 .
Numerical simulation to optimized car model was conducted. Because the optimization only involved the shape of rear window, trunk lid, and chassis of the car, the length, height and front-face area was not changed. The same external flow field, meshes, and conditions that we used in MIRA fastback baseline model's simulation can be applied without interfering computing accuracy. The boundary conditions and output parameters are listed in TABLE III. The calculation converged after 956 steps of iteration.
As shown in Figure 14 , the pressure behind optimized car model is higher compared to pressure behind the baseline model shown in Figure 15 . The higher pressure behind the optimized car model can eliminate the negative pressure region in the rear of the car, causing a lower pressure drag. Figure 16 shows the airflow in the optimized car model on symmetry plane. Compared to that of the baseline model shown in Figure 7 , less flow separation was caused in the rear region. The two vortices that were found in the MIRA baseline model was largely eliminated in the modified model. Drag coefficient of optimized car model is 0.28. And the baseline model's C D is 0.29, it is improved 3.4%. 
CONCLUSIONS
Tiger beetle's external flow field was simulated and its aerodynamic features were studied. MIRA reference model's body curve was aerodynamically optimized according to principles of tiger beetle bionics. In the simulation, optimized car model's drag coefficient was reduced than the baseline model. The result can provide a reference to automotive body design.
